In the Pax gene family, which encodes DNA-binding proteins, Pax 2 has been known to play important roles in the formation of the midbrain/hindbrain boundary, eye, inner ear and kidney in vertebrates (Bioessays 19 (1997) 755). In this article, we report a segmentally regulated pattern of Pax 2 expression during chicken somitogenesis. Pax 2 mRNA is localized in the rostral end of the unsegmented presomitic mesoderm (PSM), abutting anteriorly on a prospective segmentation border. This pattern repeats every segmentation cycle (90 min) observed in ovo and also in the half embryo culture assay in which one half of PSM along the midline is fixed immediately while the other half is cultured for a given period. We also determined the sequence of changes in Pax 2 expression during a segmentation cycle by comparing the pattern of Pax 2 with that of Lunatic-fringe (L-fringe), known to cycle periodically in posterior PSM. A systematic comparison of the expression patterns between Pax 2, L-fringe and EphA4 further highlighted a close relationship between EphA4 and Pax 2 during a segmentation cycle. Lastly, Pax 2 is not segmentally expressed in mouse PSM, suggestive of species (avian)-specific mechanisms underlying somitic segmentation. q
Results and discussion

Segmental patterns of Pax 2 in PSM
Mesodermal segmentation in vertebrates proceeds sequentially in an antero-posterior order, producing a pair of epithelialized somites, which is the basis for vertebrogenesis and musculogenesis later in development (Christ and Ordahl, 1995) . It is known that establishment of a segmental pattern at the gene expression level precedes a morphological segmentation (Saga and Takeda, 2001; Sato et al., 2002) . We observed localization of Pax 2 mRNA coinciding with the prospective segmentation border (Figs. 1(a)-(d) and 2), consistent with a previous description (Mauch et al., 2000) . This pattern is seen at the onset of the segmentation of the paraxial mesoderm, and it continues until the segmentation ceases later in development (Fig. 1a-d ). Detailed analyses, both under a dissecting microscope and in histological sagittal sections, allowed us to determine three types of Pax 2 patterns during a segmentation cycle (Fig. 2 ). Type A: the signal is largely confined to a forming somite (somite-stage 0; Palmeirim et al., 1997) ; Type B: a weak signal emerges posteriorly with its anterior boundary between somite 0 and 21; and Type C: the anterior signal in somite 0 becomes weaker and restricted to its rostral half whereas the posterior signal is intense and confined to somite 21. In this series of descriptions, we carefully identified the position of the forming and prospective somites as reported previously (Sato et al., 2002) . Oscillation between the three types was also observed in the half embryo culture assay. A preosmotic mesoderm (PSM), which was originally Type A, becomes Type B (occasionally Type C), Type C and Type A after being cultured for 30, 60 and 90 min, respectively ( Fig. 3b-d) . Likewise, Type C changes its pattern to Type A, Type B, and Type C, depending on the period of culture ( Fig. 3f-h ). Thus, the Pax 2 patterns change sequentially during a segmentation cycle.
Comparison of the expression patterns of Pax 2 and Lunatic-fringe that change sequentially during a segmentation cycle
To determine more precisely the sequence of change in pattern of Pax 2 during a segmentation cycle, we compared Pax 2 and Lunatic-fringe (L-fringe). The expression of L- (03)00109-6 www.elsevier.com/locate/modo fringe has been known to move from posterior to anterior in young PSM, and its sequence is categorized as Phase I, Phase II and Phase III (Aulehla and Johnson, 1999; McGrew et al., 1998) . A fixed embryo was divided into two portions R. Suetsugu et al. / Mechanisms of Development 119S (2002) S155-S159 S156 to be subjected to in situ hybridization for a respective probe. The result was that Type A was followed by Type B and subsequently Type C before morphological segmentation (Figs. 4(a)-(d) and 5). We also noticed that among 100 specimens examined for Pax 2 the embryos exhibiting Type A ðn ¼ 51Þ and Type C ðn ¼ 37Þ were large in number, whereas few embryos exhibited Type B ðn ¼ 12Þ: This statistically reflects duration of the period for each type of expression pattern: Type A 45 min, Type B 10-15 min and Type C 30-35 min (Figs. 2 and 5 ).
Comparison between Pax 2 and EphA4
We compared the patterns of Pax 2 with those of EphA4. Expression of EphA4 in PSM was reported previously (Schmidt et al., 2001 ), but its sequential changes during a cycle were not documented. Left and right halves of PSM subjected to in situ hybridization with respective probes were aligned for comparison. The segmental patterns of EphA4 are largely categorized into two predominant types, and the one which appears in the second half of the cycle resembles the pattern of Pax 2 (PaxB-C; Figs. 4(f)-(h) and 5). We also compared the patterns between EphA4 and L-fringe (Fig. 4i) .
Pax 2 is not segmentally expressed in mice
Despite similar patterns of expression for many ortholog genes between mice and chickens, we failed to detect a signal for Pax 2 in PSM of a mouse E9.5 embryo although the signal in the mesonephros was observed (Fig. 1e , n ¼ 10). This observation is consistent with the fact that there is no phenotype in somites or their derivatives reported for mouse Pax 2 mutants (Dahl et al., 1997; Dressler et al., 1990; Favor et al., 1996; Keller et al., 1994; Torres et al., 1995) . The difference in expression patterns of Pax 2 between mice and chickens is suggestive of distinct mechanisms underlying mesodermal segmentation even among amniotes.
Summary of expression patterns
A systematic comparison between Pax 2, EphA4 and R. Suetsugu et al. / Mechanisms of Development 119S (2002) S155-S159 S157 Fig. 3 . Changes in expression patterns during a segmentation cycle observed in a half embryo culture assay. cyclic L-fringe during a segmentation cycle shows that dynamic changes in expression patterns occur in the middle of the cycle (between 40 and 60 min). This suggests that interactions between segmental genes are active during this period, and are probably prerequisites for manifestation of a morphological segmentation.
Materials and methods
In situ hybridization, histological analyses, and in vitro culture of PSM explants were carried out as described previously (Aulehla and Johnson, 1999; Palmeirim et al., 1997; Takahashi et al., 1996; Tonegawa et al., 1997) . The probe of chicken Pax 2 was 1983 bp in length including open reading frame (ORF) and 5 0 and 3 0 untranslated regions (UTRs) (Okafuji et al., 1999) . For comparison between Pax 2 and L-fringe, a left portion of an embryo including the tail bud was used to ascertain the caudal signal of L-fringe. An EphA4 probe was a 842-bp fragment (2046-2887 bp) of ORF obtained by reverse transcriptase-polymerase chain reaction (RT-PCR).
